Despite considerable interest and investigations on cationic lipid-DNA complexes, reports on lipid-RNA interaction are very limited. In contrast to lipid-DNA complexes where lipid binding induces partial B to A and B to C conformational changes, lipid-tRNA complexation preserves tRNA folded state. This study is the first attempt to investigate the binding of cationic lipid with transfer RNA and the effect of lipid complexation on tRNA aggregation and condensation. We examine the interaction of tRNA with cholesterol (Chol), 1,2-dioleoyl-
INTRODUCTION
Lipoplexes are formed when cationic liposomes and helper lipids are mixed with DNA and RNA and the complexes formed can protect nucleic acids from degradation (1) . Cationic lipid-DNA complexes are the major nonviral DNA delivery systems and have been used to transfect various cell types and deliver cancer vaccines (2) (3) . Despite considerable interest and investigations on cationic lipid-DNA complexes (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , reports on lipid-RNA interaction are very limited (17) (18) (19) (20) (21) . In recent years, several delivery systems including cationic lipids were used as major tools for transferring of siRNA, miRNA and mRNA in vivo (22) (23) (24) (25) (26) . Several studies showed binding and disruption of phospholipid bilayers by supramolecular RNA complexes and suggested that specific RNA binding to phospholipids can modulate RNA-membrane interactions (18) (19) (20) . Similarly, the role of lipid membrane-RNA interactions in cell evolution of prokaryotes and eukaryotes has been investigated (21) . Even though much of lipid-RNA interactions are associated with phospholipids bilayers, structural characterization of cationic lipid-RNA complexes has major biological importance due to the applications of cationic lipids in siRNA and miRNA delivery in vivo (22) (23) (24) (25) (26) . We have recently reported detailed structural analysis of cationic lipid-DNA complexes using FTIR, UV-visible and CD spectroscopic methods as well as AFM measurements (4) . In our study the binding modes, the stability and conformational transitions of calf-thymus DNA with cholesterol, DOPE, DDAB and DOTAP were investigated and the conformation and condensation of DNA in the presence of cationic and helper lipids were reported (4) .
In this report the interaction of tRNA with cholesterol, DOPE (helper) and cationic lipid DDAB and DOTAP (Scheme 1) was studied in aqueous solution at physiological conditions using different lipid/RNA molar ratios and constant tRNA concentration. FTIR, CD, UV-visible spectroscopic methods and atomic force microscopy were used to determine the lipid binding site, the overall binding constant and the tRNA secondary structure in the lipid-tRNA adducts. Our study provides the first structural analysis of lipid-tRNA complexes, which shows tRNA condensation by lipids. Furthermore, structural differences between cationic lipid-tRNA complexes and those of lipid-DNA adducts are reported here.
MATERIALS AND METHODS

Materials
Transfer RNA from Baker's yeast was purchased from Sigma Chemical Co., and used as supplied. The A 260 / A 280 ratio of tRNA was 2.2, indicating that the tRNA was sufficiently free from proteins (27) . Cholesterol, DOTAP, DDAB and DOPE were from Avanti Polar Lipid Inc., and used as supplied. Other chemicals were of reagent grade and used without further purification.
Preparation of stock solution
Sodium-tRNA was dissolved to 1% w/w (10 mg/ml) in 10 mM Tris-HCl (pH 7.3) at 58C for 24 h with occasional stirring to ensure the formation of a homogeneous solution. The final concentration of the stock tRNA solution was determined spectrophotometrically at 260 nm by using molar extinction coefficient of 9250 cm -1 M -1
(expressed as molarity of phosphate groups) (28, 29 (30, 31) .
FTIR spectroscopy
Infrared spectra were recorded on a FTIR spectrometer (Impact 420 model), equipped with DTGS (deuterated triglycine sulfate) detector and KBr beam splitter, using AgBr windows. Spectra were collected after 2 h incubation of lipid with tRNA solution and measured in triplicate.
Interferograms were accumulated over the spectral range 4000-400 cm -1 with a nominal resolution of 2 cm -1 and a minimum of 100 scans. The water subtraction was carried out with 0.1 mM NaCl solution used as a reference at pH 7.3 (32) . A good water subtraction was achieved as shown by a flat baseline around 2200 cm -1 where the water combination mode is located. This method is a rough estimate, but removes the water content in a satisfactory way. The difference spectra [(tRNA solution + lipid)À(tRNA solution)] were obtained, using the tRNA band at 968 cm -1 as internal reference. This band, which is due to ribose C-C stretching vibration, exhibits no spectral changes (shifting or intensity variation) upon lipid-tRNA complexation, and cancelled out upon spectral subtraction. The spectra are smoothed with Savitzky-Golay procedure (32) .
The plots of the relative intensity (R) of several peaks of tRNA in-plane vibrations related to A-U, G-C base pairs and the PO 2 À stretching vibrations such as 1698 (guanine), 1654 (uracil), 1608 (adenine), 1488 (cytosine), 1244 (PO 2 À asymmetric) and 1086 cm -1 (PO 2 À symmetric) versus lipid concentrations were obtained after peak normalization (against tRNA band at 968 cm -1 ) using:
where I i is the intensity of absorption peak for pure tRNA and tRNA in the complex with i concentration of lipid and I 968 is the intensity of the 968 cm -1 peak (internal reference) (33) .
CD spectroscopy
Spectra of tRNA and lipid-tRNA adducts were recorded at pH 7.3 with a Jasco J-720 spectropolarimeter. For measurements in the Far-UV region (200-320 nm), a quartz cell with a path length of 0.01 cm was used. Six scans were accumulated at a scan speed of 50 nm min -1 , with data being collected at every nm from 200 to 320 nm. Sample temperature was maintained at 258C using a Neslab RTE-111 circulating water bath connected to the water-jacketed quartz cuvette. Spectra were corrected for buffer signal and conversion to the Mol CD (Áe) was performed with the Jasco Standard Analysis software. The lipid concentrations used in our experiment were 0.125, 0.25, 0.5 and 1 mM with final tRNA content of 2.5 mM.
Absorption spectroscopy
The absorption spectra were recorded on a Perkin Elmer Lambda 40 Spectrophotometer, with a slit of 2 nm and scan speed of 240 nm min -1 . Quartz cuvettes of 1 cm were used. The absorbance assessments were performed at pH 7.3 by keeping the concentration of tRNA constant (125 mM), while varying the concentration of liposome (5-40 mM).
To calculate the lipid-tRNA-binding constant, the data are treated according to the following equations:
The values of the binding constants K were obtained from the tRNA absorption at 260 nm according to the methods published in the literature (34, 35) , where the bindings of various ligands to hemoglobin were described. For weak binding affinities the data were treated using linear reciprocal plots based on the following equation:
where A 0 is the absorbance of tRNA at 260 nm in the absence of ligand, A 1 is the final absorbance of the ligated-tRNA and A is the recorded absorbance at different ligand concentrations. The double reciprocal plot of 1/(A -A 0 ) versus 1/C ligand is linear and the binding constant (K) can be estimated from the ratio of the intercept to the slope (34).
Atomic force microscopy
Lipid-tRNA complexes at a ratio of 1:1 and final tRNA concentration of 0.1 mM were prepared in 5 ml Tris-HCl (pH 7.4) and 5% (v/v) ethanol. The solutions were either used undiluted or diluted further in ultrapure water. For each sample, 30 ml aliquot was adsorbed for 2 min on freshly cleaved muscovite mica. The surface was rinsed thoroughly with 10 ml of ultrapure water and dried with Argon. AFM imaging was performed in acoustic mode at a scanning speed of 1 Hz with an Agilent 5500 (Agilent, Santa Barbara, CA) using high frequency (300 kHz) silicon cantilevers with a tip radius of 2-5 nm (TESP-SS, Veeco, Santa Barbara, CA). Images were treated using the software Gwyddion (http://gwyddion.net/).
RESULTS
FTIR spectra of lipid-tRNA complexes
The IR spectral features for lipid-tRNA interaction are presented in Figures 1, 2, 3 and 4. The assignments of tRNA vibrational frequencies are given in Table 1 (36-42).
Lipid-base binding
Lipid-base binding is observed from major spectral changes occurred for both free tRNA and free lipid upon complexation. At low lipid concentration r = 1/80, increase of intensity was observed for the bands at 1698 (guanine), 1654 (uracil) and 1608 cm -1 (adenine) except for DOPE-RNA complex, where minor decrease in intensity of these bands was observed (Figures 1, 2 and 3) . The increase in intensity of these vibrations was characterized by the presence of several positive features at 1710-1707 (guanine), 1667-1660 (uracil) and 1609-1606 cm -1 (adenine) in the difference spectra of Chol-, DDAB-, DOTAP-tRNA and negative features for DOPE-tRNA complexes (Figures 1 and 3 diff., r = 1/80). The observed spectral changes are due to the lipid-RNA interaction for Chol, DDAB and DOTAP, and no major complexation for DOPE-RNA at low lipid concentration (r = 1/80). It should be noted that, at low lipid content r = 1/80, some shifting of the PO 2 bands at 1244 and 1086 was observed ( Figure 2 ) due to lipid-phosphate interaction (discussed below). At higher lipid concentrations, the guanine band at 1698 cm -1 gained intensity and shifted to 1697-1688 cm -1 , uracil band at 1654 cm -1 gained intensity and shifted to 1653-1650 cm -1 and adenine band at 1609 gained intensity with no major shifting upon lipid interaction (Figures 1, 2 and 3 , complexes r = 1/4). The increase in intensity of these vibrations is evident by major positive features observed at 1710-1691 (guanine), 1664-1651 (uracil) and 1609-1606 cm -1 (adenine) in the difference spectra of lipid-RNA complexes (Figures 1  and 3 , diffs r = 1/20 and r = 1/4). Since cytosine band at 1488 cm -1 showed no major intensity changes, lipidcytosine binding can not be included (Figure 2) . The shifting and intensity increases observed for the guanine, uracil and adenine vibrations are due to major lipid-base bindings via guanine and adenine N7 atoms and uracil O2 atoms. However, at high lipid concentration (r = 1/4), decrease in intensity observed for most of tRNA vibrations (Figure 2 ) is due to tRNA condensation and consistent with our AFM study, which will be discussed further on.
Lipid-phosphate binding
Lipid-phosphate interaction is evident from increase in intensity and shifting of the PO 2 asymmetric band at 1244 and symmetric band at 1086 cm -1 , in the spectra of the lipid-tRNA complexes (Figures 1, 2 and 3 ). The PO 2 band at 1244 cm -1 gained intensity and shifted towards a lower frequency at 1242 (Chol), 1235 (DOPE) and 1240 (DOTAP), while the band at 1086 gained intensity with minor shifting (Figures 1 and 3) . The positive features at 1242-1240 (asymmetric) and at 1089-1086 cm À1 (except for DOPE-RNA, which the phosphate band at 1086 cm -1 is masked by the strong positive feature at 1074 cm -1 due to the lipid vibration) in the difference spectra of lipid-RNA complexes are related to increase in intensity of the phosphate vibrational frequencies upon lipid interaction (Figures 1 and 3) . Further evidence regarding lipid-PO 2 interaction is also coming from the intensity ratio variations of symmetric and asymmetric PO 2 bands at 1086/1244 (32) . The ratio of s / as was changed from 1.65 (free tRNA) to 1.70 (Chol-tRNA), 1.68 (DDAB-tRNA), 1.5 (DOPE-tRNA) and 1.4 (DOTAP-tRNA), upon lipid complexation (Figure 2 ). It should be noted that lipid-phosphate binding start at very low concentration and reaches a plateau where lipidbase binding begins. This is evident by gradual increase in intensity of the phosphate bands at 1244 and 1086 cm -1 at low lipid contents and exhibit less intensity variations at higher lipid concentrations, where lipid-base binding occurs (Figure 2) . 
Hydrophobic interactions
The impact of RNA complexation on lipid antisymmetric and symmetric CH 2 stretching vibrations in the region of 3000-2800 cm -1 was investigated by infrared spectroscopy. Free cholesterol CH 2 bands at 2955, 2935 and 2864 cm -1 shifted to 2958, 2932 and 2855 cm -1 ( Figure 4A , r = 1/4); free DDAB at 2922 and 2853 cm -1 shifted to 2918 and 2848 cm -1 ( Figure 4B , r = 1/4); free DOPE at 2920 shifted to 2925 cm -1 ( Figure 4C , r = 1/4) and free DOTAP at 2924 shifted to 2927 cm -1 ( Figure 4D , r = 1/4), in the lipid-RNA complexes. The shifting of lipid antisymmetric and symmetric CH 2 stretching vibrations suggests the presence of hydrophobic interactions via lipid aliphatic tails and hydrophobic region in RNA.
CD spectra and tRNA conformation
The CD spectra of tRNA and its complexes with different lipid concentrations are shown in Figure 5 . The CD of the free tRNA composed of four major peaks at 210 (negative), 221 (positive), 236 (negative) and 266 nm (positive) ( Figure 5 ). This is consistent with CD spectra of double helical RNA in A conformation (43) (44) (45) . At low lipid concentration (0.1 and 0.25 mM), no major shifting of CD bands were observed (Figure 2) . However, as lipid concentration increased (0.5 and 1 mM), major increase in molar ellipticity of the band at 210 nm occurred and the negativity of the band at 236 was reduced, while the intensity of the band at 266 decreased at high lipid concentration ( Figure 5 ). No major shifting was observed for the band at 266 nm in the spectra of Chol-RNA and DOPE-RNA, DDAB-RNA and DOTAP-RNA complexes ( Figure 5 ). This is due to the presence of tRNA in A-conformation both in the free state and in lipid-RNA complexes. This is consistent with the infrared results of lipid-tRNA complexes, that showed tRNA in A-conformation, with marker IR bands at 1698 (G), 1244 (PO 2 ) and 861 and 810 cm -1 (phosphodiester modes) (41) in the free tRNA and at 1697-1688, 1242-1235, 863-868 and 814-810 in the lipid-tRNA complexes (Figures 1 and 3) . It is important to note that the reduction of intensity of CD band at 266 nm observed can be due to RNA condensation at high lipid contents, which is consistent with our IR discussion and AFM images ( Figure 5 ).
Stability of lipid-tRNA complexes
The lipid-tRNA binding constant was determined as described in 'Materials and Methods' section (Absorption spectroscopy). As can be observed, increasing lipid concentration resulted into an increase in UV with the order of stability of lipid-tRNA complexes DDAB4DOTAP4Chol4DOPE ( Figure 6 ). It should be noted that stronger lipid-tRNA interactions were observed (larger binding constants) than those of the lipid-DNA complexes (4). The binding constants estimated here are mainly due to the lipid-base binding and not related to the lipid-PO 2 interaction, which is largely ionic in nature and can be dissociated easily in aqueous solution. 
Ultrastructure of lipid-tRNA complexes
AFM imaging of the different lipid-tRNA complexes did not reveal any presence of free tRNA molecules. In all four cases the mica surface was covered by small complexes ( Figure 7 ) with a 'fried egg' appearance that was readily observable at high resolution ( Figure 7B, insert) . In each case we were able to estimate the average height and average volume of the core. The flattest cores were observed for DDAB with an average height of 0.12 AE 0.03 nm (n = 2319) and an average volume of 36 nm 3 ( Figure 7A ). Cholesterol complexes had an average height of 0.15 AE 0.05 nm (n = 861) and an average volume of 48 nm 3 ( Figure 7C ). In contrast DOTAP complexes had core with double the height, 0.36 AE 0.05 nm (n = 1171), but a similar average volume of 42 nm 3 ( Figure 7B ). Finally, DOPE complexes were similar to the DOTAP complexes with an average height of 0.35 AE 0.05 nm (n = 1020) and an average volume of 37 nm 3 ( Figure 7D ). The measured volumes are in excellent agreement with the volume of a single tRNA molecule, i.e. 45 nm 3 , assuming a molecular weight of 27 kDa and a density of 1 g/cm 3 . In comparison, DOTAP/DNA mixtures that we characterized previously had a similar 'fried egg' appearance with much larger cores. The average height was 3.3 AE 0.5 nm (n = 85) and the average volume was 80 000 nm 3 (4) .
DISCUSSION
In order to better understand the nature of cationic lipid-tRNA interactions a comparison with those of the corresponding lipid-DNA complexes is essential.
Over the years, several models have been developed to describe the nature of lipid-DNA complexation (3) (4) (5) . These models include electrostatic interaction between lipid head group and DNA backbone phosphate by displacing the sodium cation, base binding via lipid polar group and the bases donor atoms and finally, cooperative hydrophobic interaction between aliphatic tails, which can bring several DNA molecules together. Our recent structural analysis showed initial lipid-phosphate binding at low lipid concentration and major lipid-base binding at higher lipid content (4) . In addition, strong hydrophobic interactions were observed between lipid aliphatic tails and DNA with a partial B to A and B to C-DNA (4) . The order of stability for lipid-tRNA complexes was DDAB4DOTAP4Chol4DOPE, compared with DOTAP4DDAB4DOPE4Chol order in the cationic lipid-DNA adducts (4). In addition, cationic lipid altered DNA conformation from B to A and C-transition (4), while tRNA remains in the A-family structure upon lipid complexation. Apart from major and minor differences between cationic lipid-tRNA and lipid-DNA complexes such as stronger lipid-RNA interaction in general and partial conformational changes for lipid-DNA complexes, condensation of both DNA and tRNA occurred by cationic lipids in a similar fashion. DOTAP induced larger condensation of DNA than those of DDAB, DOPE and cholesterol (4), while DOTAP and DOPE brought major condensation of tRNA.
Several physical and biological studies of cationic lipid-DNA formulations have been reported (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) with the aim to improve our understanding of the gene delivery and its mechanisms (46, 47) . Despite the extensive research on lipid-DNA complexes, little is known about RNA structural changes upon lipid complexation. Our study is the first kind of investigation of cationic lipid-tRNA interactions, which provides the detailed structural analysis of lipid-tRNA complexes and the condensation of tRNA in the presence of cationic and helper lipids. A comparison with those of the lipid-DNA complexes shows that cationic lipid can be used to transfer RNAs such as miRNA and siRNA with potential biomedical applications (48, 49) without altering their folded structures. 
